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Limitations in Structural Identification of Large
Constructed Structures
F. N. Catbas1; S. K. Ciloglu2; O. Hasancebi3; K. Grimmelsman4; and A. E. Aktan5
Abstract: The objective of this paper is to discuss the limitations in structural identification of large constructed structures. These
limitations arise due to the geometric complexity, uncertain boundary and continuity conditions, loading environment, and the imperfect
knowledge and errors in modeling such large constructed facilities. In this paper, the writers present their studies on developing a mixed
microscopic-structural element level three-dimensional finite-element FE modeling of a long-span bridge structure and its structural
system identification by integrating various experimental techniques. It is shown that a reasonable level of confidence 50–90% can be
achieved with a model that is calibrated using global and local structural monitoring data with a sufficiently high spatial resolution. The
reliability of the global attributes, such as boundary and continuity conditions that may be identified and simulated by means of
field-calibrated models using only dynamic test results globally calibrated models, may appear to be high as much as 90%. However,
the reliability that should be expected for local stress fields is shown to be an entirely different matter, and a calibration based on just
dynamic testing would be unable to reveal the confidence in simulated local responses. This is especially true for long-span bridges,
because the resolutions of the dynamic test grids are often quite sparse due to the large size of the structures. In this paper, the writers
illustrate that the density, modality, and bandwidth of experimental data should be carefully evaluated and matched to the size and
complexity of a constructed system before claiming that a FE model is validated. It is also shown that even more than three dozen
acceleration measurement points, two dozen strain measurements, and a continuous surveillance of wind and temperature were barely
sufficient for a credible structural identification of a long-span bridge.
DOI: 10.1061/ASCE0733-94452007133:81051
CE Database subject headings: Bridges, long-span; Finite element method; Vibration; Load tests; Monitoring.Introduction
Structural Identification
System identification deals with developing mathematical models
to characterize the input-output behavior of an unknown system
by means of experimental data. The potential in the applications
of this concept to civil and mechanical systems, termed as
structural identification St-ID was introduced to the engineering
mechanics and civil engineering disciplines several decades ago
Hart and Yao 1977; and Liu and Yao 1978. A recent review
of St-ID research for constructed systems Moon and Aktan 2006
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JOURNArevealed that while several examples of influential studies focused
on the St-ID of constructed systems exist, the envisioned wide-
spread use has not been realized, and the development of St-ID
techniques for constructed systems has lagged behind those asso-
ciated with manufactured systems. Significant sources of
epistemic uncertainty distinguishing constructed systems from
manufactured mechanical systems were identified, and the fact
that these uncertainties continue to persist decades after the first
field testing applications to constructed systems Hudson 1970;
Ibanez 1972 is considered indicative of a more fundamental
problem.
A main concern by structural engineers is how the results ob-
tained from a specific structure can be used to provide informa-
tion applicable to other structures. In the case of scaled-down,
subassembly, or phenomenological physical models tested in a
laboratory, this is often accomplished by claiming that specimens
and testing configurations represent some type of generalized
conditions, and by conducting repetitive tests to allow the alea-
tory uncertainty to be quantified. What is generally overlooked,
however, is that laboratory experiments tend to focus on frag-
mented portions of structures whose similitude both in terms of
behavior and levels of uncertainty to real structures has not been
established. Even for cases where complete full-scale structures
are tested in the laboratory, the exclusion of foundation flexibility
and soil-structure interaction issues renders these studies unable
to provide information on boundary conditions and global re-
sponse quantities. In contrast, many engineers reject the possibil-
ity that load-response results from field tests can be generalized
even though similitude both in terms of behavior and uncer-
tainty in these cases is guaranteed. Although, this type of double
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standard may seem inexplicable, it is precisely the difficulty in
establishing the reliability of field data and overcoming the iden-
tified uncertainties that furthers this position. In cases where simi-
lar structures are tested in the laboratory and compared or where
model-based simulations are used, the testing results rarely dis-
play strong correlations. This leads the community to either con-
clude significant errors have occurred or that the test structure is
not representative of “nominal” conditions ACI 1984. In reality,
these differences may not be representative of anomalies, but may
be due to realistic and important behavior mechanisms such as the
effects of construction defects, deterioration, damage, intrinsic
forces, variations, and uncertainties in boundary and continuity
conditions, and the effects of changes in the environment. As a
result, the results from a properly executed field test should not be
discounted as overly specific, but they should be embraced and
examined with the objective of shedding light on actual structural
behavior and understanding the loading and response mechanisms
behind the specifics of a test structure in generic terms.
The outcome of a successful St-ID application to an operating
constructed system is an analytical model that simulates the me-
chanical characteristics of the structure and its behavior under
realistic load effects and especially realistic intrinsic forces with
an established level of confidence. While there are examples of
nonlinear St-ID applications, there is still a need to demonstrate
the reliability in the application of linear and deterministic finite-
element modeling of actual constructed systems at various levels
of resolution. This is because physics-based analytical models
that represent a structure at some local detail offer greater promise
for addressing practical problems in civil engineering practice
than more abstract or more complex i.e., nonlinear models.
While three-dimensional 3D finite-element FE modeling is be-
coming a common tool in the design and evaluation of many
major structures by the consulting industry, it is somewhat unrea-
sonable to expect reliable simulations of constructed systems for
their condition evaluation without first conducting proper appli-
cations of St-ID.
Motivations
St-ID is a promising concept for improving reliability of any as-
sessment, since it enables an objective and quantitative evaluation
of the mechanical characteristics of a constructed system. Many
engineers may not recognize the lack of reliability in predictions
based on an idealized analytical representation of a structure con-
structed from drawings without actual observations and inspec-
tions. The writers’ experience with applications of St-ID for
buildings and bridges of various sizes and conditions revealed
that structural characteristics, responses, load effects, and capaci-
ties predicted by idealized analytical models commonly used in
design may have discrepancies and errors in excess of ten times.
1,000% the results obtained from actual measurements. Even in
the case of a simple beam test in the laboratory, errors in the
analytically predicted global mechanical characteristics such as
frequency, displacement, and rotational flexibility may exceed
25% of the actual measured properties, errors in the analytically
predicted local responses such as strains and curvatures may ex-
ceed 100% of the actual measured properties, and errors in the
analytically predicted load or deformation capacity may exceed
200% of the actual measured properties. Even after eliminating
blatant human errors and those errors due to a lack of complete
conceptualization, the analyst still faces significant uncertainty
due to the necessity of idealizations related to dimensions, bound-
ary and continuity conditions, local geometry, materials, and me-
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Therefore, St-ID should be designed and executed in such as way
that it permits blatant human errors to be mitigated, and bounds
and reduces the uncertainty due to the complexities of real struc-
tures and systems. The writer’s motivation in writing this paper is
to discuss the minimum requirements for validating the reliability
of a FE model of a large structural system by experimental data.
Objectives and Scope
It is clear that the size of the structures and the limitations on
spatial resolution of models and experimental characterizations
will impact the level of uncertainty one can expect from St-ID of
a large structure, but, there has not been a discussion of what
engineers should expect and consider as an acceptable level of
uncertainty. The current consulting industry standards for deter-
mining the reliability of a FE model of a large system appear to
be limited to correlating a few frequencies and planar projections
of mode shapes obtained from field measurements and analytical
simulations. The objective of this paper is to discuss experiences
from recent research focused on a closer understanding of the
reliability in St-ID applications to large and complex constructed
structures in general, and, long-span bridges in particular. The
writers have studied a long-span bridge Fig. 1 for 5 years, and
developed an analytical model to simulate both the global and the
local responses of this structure. The writers instrumented the
bridge extensively, with a density of measurements, duration, and
bandwidth uncommon in past examples of instrumentation of a
constructed system. While the writers discussed some of the spe-
cifics of their monitoring results in other papers, this paper, for
the first time, focuses on how this study permitted an in-depth
analysis of the limits in St-ID of large structures, including the
mitigation of human errors and the control of uncertainty due to
the complexity of large structures and their loading environment.
Structural Identification of Long-Span Bridges
Long-span bridges represent a special, critical class of construc-
tion in terms of their value and the impact of their performance on
the economic well being of major metropolitan areas. Each long-
span bridge offers unique challenges in its individual design, con-
struction, and maintenance. Motivations for the application of the
St-ID concept to a long-span bridge and, subsequently, develop-
ing a field-calibrated FE model for more reliable simulations may
include:
1. Objective documentation of the as-is mechanical characteris-
tics and condition as a baseline for its remaining lifecycle;
2. Inspections, rating, and permits;
3. Structural performance and vulnerability prediction to haz-
ards such as accidents, attacks, earthquakes, and/or extreme
winds, especially when operational conditions, demands, or
performance specifications change;
4. Retrofit and hardening design and/or other forms of struc-
tural modifications against threats;
5. Investigation of the impacts of damage due to aging, deterio-
ration, accidents, etc. on structural reliability; and
6. Health monitoring for lifecycle asset management.
Several researchers have conducted studies for experimentally
determining the structural dynamic properties of real structures
using ambient excitations due to wind and traffic for calibrating
analytical models. Mazurek and Dewolf 1990, Agbabian et al.
1991, and Nigbor et al. 1991 used calibrated models to serve
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as a baseline for health monitoring. Chang et al. 2001 developed
the FE model of a long-span bridge in Hong Kong and compared
the results of the ambient vibration tests conducted at different
times. Brownjohn and Xia 2000 employed software based auto-
mated model calibration methods to calibrate a model for the
Safti Link Bridge. More recently, a number of major long-span
bridges such as the Storebaelt Bridge in Denmark, the Lantau
Crossings in Hong Kong Wong et al. 2000, the Akashi Strait
Bridge in Japan Kashima et al. 2001, and the Commodore Barry
Bridge in the United States U.S. Catbas et al. 2000 were mod-
eled and instrumented for continuous monitoring for seismic,
wind, and general health monitoring purposes. The global dy-
namic properties of these bridges were identified by ambient
vibration monitoring and other experimental approaches. These
applications provide an excellent opportunity for evaluating the
state of the practice, pointing to major research needs for elimi-
nating the barriers that limit the application of various experimen-
tal and analytical technologies for St-ID of longspan bridges.
Framework for Structural Identification
St-ID applications for large constructed systems generally require
the integration of: 1 structural conceptualization; 2 analytical
geometric-FE modeling; 3 designing and executing various
experiments; 4 data processing and identifying modal and
other characteristics; 5 model calibration and validation; 6
simulation and interpretation; and 7 decisions and heuristics
Aktan et al. 1997, 1998.
Conceptualizing a large and complex kilometer-scale structure
that would incorporate several structural subsystems of different
hierarchy, such as the main trusses, the horizontal wind bracing,
the floor system, etc., followed by the foundations and substruc-
tures, bearings, and a multitude of movement systems is a major
challenge. Structural engineering expertise, many visits to the
bridge for close-range inspections and photogrammetry, followed
by a virtual 3D computer-aided design CAD reconstruction are
Fig. 1. Loessential elements for conceptualizing a complex structural sys-
JOURNAtem so that its analytical model may be constructed. Two issues
need to be resolved before a final decision regarding analytical
modeling:
1. Principal reasons for needing a field-calibrated model: In
many applications that are in the realm of research, con-
structing a field-calibrated analytical model often represents
the culmination of the effort. However, it is really a proper
utilization of a field-calibrated model for simulations and
reaching decisions based on the insight gained from the
simulations that should govern the attributes of the analytical
model.
2. Sources of uncertainty: The most significant sources of un-
certainty related to the actual structure have to be studied and
whether/how these may be represented and mitigated by
various types and resolutions of analytical modeling have to
be established.
Analytical Modeling Form and Resolution
Analytical modeling should be governed by the above issues in
terms of form and resolution. Civil engineers have been engaged
in numerical simulation for decades, and there are many examples
of knowledge driven methods, such as fuzzy logic and probabi-
listic reasoning, and data driven methods, such as artificial neural
networks and evolutionary computing approaches, both indepen-
dently and in hybrid forms, in various fields of civil engineering.
For example, there have been recent efforts for “agent-based”
modeling of synthetic infrastructure systems by taking advantage
of supercomputers Bush et al. 1999; Nagel et al. 1999.
However, the solution of most civil and structural engineering
problems require predicting physical quantities such as load ef-
fects, responses, and capacity at the local level under a variety of
external and intrinsic loads. This requires physics-based models
such as those that are macroscopic level smeared, element level,
microscopic level, or a mixture of these approaches, where the
predicted quantities may be related to local stresses, strains, and
an bridgeng-spdeformations in the actual structure. Recent advances in personal
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computers and general-purpose FE modeling and analysis soft-
ware make 3D mixed element-and-microscopic-level modeling
by using a variety of FEs feasible.
It is critical to address whether the form and resolution of an
analytical model would do justice to the epistemic uncertainty
prevailing in real life. Even with extensive effort for conceptual-
izing a structure and measurements, uncertainty may be due to a
lack of observability, and many other mechanisms causing exten-
sive variability in local material and connection properties, dis-
continuity, nonlinearity and nonstationary loads, responses, and
behaviors. If the uncertainty in real life does not permit simulat-
ing the structure and its loading with a linear, stationary, and
deterministic representation, the value of a 3D FE model may be
questionable. The writers were interested in investigating whether
it is possible and meaningful to characterize a long-span bridge
in terms of a field-calibrated 3D FE model such that the move-
ments, deformations, forces, and stresses caused by live loads at
the critical regions may be reliably estimated for example within
a confidence interval of 75%.
Experimental Technologies
Experimental technologies may be classified into four classes as:
1 geometry monitoring; 2 controlled testing; 3 nondestruc-
tive evaluation NDE and material characterization; and 4
continuous monitoring, based on how various specializations de-
veloped in the realm of research and practice Aktan et al. 2002.
Dynamic testing of major bridges are often necessitated by a lack
of other test techniques providing a direct measurement of the
global dynamic properties of a structure-foundation-soil system
within a set of coordinates distributed throughout a structure and
without the need for any external measurement reference frame.
In cases involving the evaluation of seismic vulnerability and
seismic retrofit design, dynamic testing, again, becomes a neces-
sity. Depending on the required data, other experimental tech-
niques such as controlled load testing may be applied to help
confirm and/or further characterize the in situ mechanical charac-
teristics and conditions of a bridge. The important requirement is
an optimum integration of various experiments so that data sets
complement each other in terms of duration, bandwidth, and
density of measurements and will do justice to the nature and
level of uncertainty prevailing in the structure and its loading
environment.
Information Technology
Information technologies cover the entire spectrum of efforts re-
lated to the acquisition, processing, and interpretation of data.
This includes sensing, data acquisition, data quality testing, pre-
processing, communication and control, postprocessing, analysis,
display and visualization, database archival and management, and
interpretation for decision-making. It is not possible to separate
and investigate sensing, data acquisition, communication, signal/
data processing, and other information management steps that are
required for St-ID and health monitoring from the reality of the
actual constructed system. A flowchart of an integrated, intelligent
information system has been developed by the writers for a real-
time systems-identification application to a long-span bridge and
discussed in a recent publication by the writers Aktan et al.
2002.
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The writers will take advantage of an actual long-span bridge that
they studied as an example here. The bridge has five traffic lanes,
serving more than six million vehicles annually, a significant per-
centage of which is heavy truck traffic. It opened to traffic in 1974
with a main span length of 501 m and a total bridge length of
4.24 km. The principal long-span throughtruss system, with the
suspended and cantilever segments shown in Fig. 1 is the part of
the structure that will be discussed.
The substructures of the throughtruss consist of four rein-
forced concrete piers shown in the photo in Fig. 1. The two prin-
cipal trusses of the throughtruss are spaced 22.10 m apart. Each
truss has 73 panel points spaced at 13.93 m intervals. The top and
bottom chords of the trusses are constructed from welded box
sections. A combination of welded box and H sections are used
for the vertical and diagonal truss members.
The lateral wind bracing system includes K bracing at the top
and bottom chord levels, and portal and sway frames located at
various panel points throughout the structure. The suspended span
of the bridge connects to the cantilever arms via vertical truss
hangers, which are pinned at their upper and lower extremities.
Truss members with axial and rotational releases transition the
top and bottom chords between the suspended span and the adja-
cent cantilever arms. The floor system of the bridge consists of a
20.32 cm thick lightweight reinforced concrete deck that is com-
posite with steel beams laterally spaced at 2.10 m. The steel
stringer beams are continuous over the floor beams in either
four-span or five-span sections.
Finite-Element Modeling of the Bridge
This paper focuses on 3D calibrated FE modeling at an element
level, where at least one analytical element simulates each struc-
tural element. In addition, the substructures piers and founda-
tions are modeled by a smeared approach, and the reinforced
concrete RC deck is represented by shell FEs, as shown in
Fig. 2 and discussed further in the following. The analytical
model of the through truss spans of the bridge, shown in Fig. 2
was constructed as follows:
1. Representing each real structural element with at least one
analytical element: The structural elements of the bridge
were modeled using a combination of shell and beam
elements, with rigid links as well as body constraints for
representing the actual 3D geometry of the interfaces and
connections. In-plane and out-of-plane deformations of the
deck slab were simulated by discretizing the slab into a
2.133.05 m mesh of rectangular shell elements with six
degrees of freedom at each node, with 2,966 shell elements.
3D beam elements represented the upper chords, lower
chords, verticals, diagonals, floor beams, out-of-plane truss
members, bracing, and roadway stringers. A model using bar
elements for the through truss elements was developed, how-
ever, due to actual end connections and the test data, beam
elements were found to perform better. The piers were mod-
eled with 3D frame elements in a smeared manner for com-
putational efficiency. The total number of frame elements
utilized in the model was 6,047.
2. Model geometry accurately representing the actual geometry:
The overall geometry of the bridge was discretized at joints
such that the model could represent the local 3D aspects of
the bridge geometry. The total number of degrees of freedom
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in the 3D FE model was 25,218 corresponding to 6,047
joints.
3. Boundary and continuity conditions: The bearings at the
extremities of the through truss were modeled by rollers in
the preliminary model. For the fixed bearings at the tower
connections, longitudinal translations were restrained as
consistent with the design. Roller and fixed bearings were
represented with beam elements with released or restrained
degrees of freedom between the piers and the through truss
chords. Moment releases were defined at the top and bottom
of the truss hangers, since there are pins that allow rotation in
the plane of the main truss. The axial and moment releases at
the lower chord between the cantilever arms and suspended
span were explicitly simulated in the model. Zero force
members between suspended span and cantilever arms were
also simulated. Wind linkage mechanisms were simulated
using appropriate releases. Discontinuities of the stringers
and releases in the deck system from intermediate expansion
joints and expansion dams were modeled.
4. Stiffness and deformation kinematics: The cross-sectional
properties of the truss members were defined based on the
design documents. Torsional properties of the truss members
were calculated and incorporated in the FE model. The local
axis orientation of each member was checked in the model
for conformance with the actual orientation of the members
on the bridge.
5. Error checking and mitigation: The writers realized that there
were several human errors in the construction of the analy-
tical model, and in its numerical inputs to FE analysis
software. Some of these were discovered by reviewing the
results, but subtle errors such as wrongly defining the orien-
Fig. 2. 3D CAD antations of some truss member cross sections were not easy
JOURNAto discover. By transforming internal force distributions re-
sulting from analysis into spreadsheet, and by plotting
and manipulating the spreadsheet to check the graphical
variation of forces along various axes of symmetry along the
structure was found to be an effective measure for detecting
subtle errors. In the case of analytical modeling of smaller
structures, errors may be mitigated by one engineer follow-
ing and checking the work of another. However, in modeling
large structures, one should not expect one engineer to dis-
cover all errors by following in the footsteps of another. In-
vesting in structural geometry specific strategies for detecting
those inevitable human errors in the analytical modeling
and numerical inputs of FE models of large structures at an
early stage of modeling, and not entirely relying on one
engineer—just manually checking the work of another is
recommended.
FE Model Calibration Using Experimental Data
Ambient Vibration Testing
Ambient vibration testing has been applied by many researchers
to obtain dynamic properties of large structures under ambient
excitation, especially from traffic on the structure. The design and
execution of ambient vibration tests for long-span bridges re-
quires a careful analysis of issues related to observability and
measurability, nonlinearity, and nonstationarity. For example,
Fujino et al. 2000b demonstrated that frequencies and damping
of certain cable-supported long-span bridges may be dependent
on wind-speed, and the writers observed Barrish et al. 2000;
odel of the bridged FE mCatbas et al. 2000 that various support and movement systems
L OF STRUCTURAL ENGINEERING © ASCE / AUGUST 2007 / 1055
may exhibit stick-slip type of movement under temperature
shocks Catbas and Aktan 2002 that significantly affected the
forces and deformations at critical regions. Such mechanisms can-
not be easily captured just by ambient vibration monitoring or
simulated by linear FE modeling. The ambient vibration test of
the bridge was designed as summarized in the following:
1. Preliminary information on the dynamic characteristics of the
bridge: The ambient vibration measurements should capture
the natural frequencies and mode shapes of the structure
within the frequency band of interest, so that the number of
modes that are identified from the test are sufficient to cap-
ture the global behavior of the structural systems for calibra-
tion. Preliminary analyses indicated the first lateral mode at
0.20 Hz and the first vertical bending mode at 0.31 Hz. The
lowest frequency is especially important for selecting the
sensors and data acquisition system.
2. Instrumentation plan: The sensor locations, distribution, and
orientations are based on FE analysis results. Of the several
test grid options, if the sensors are not roved, either the full
bridge can be tested or one-half of the bridge can be tested
with a denser sensor grid. It is possible to rove the sensors
while keeping a few of them stationary, and to, subsequently,
splice the data sets. This option is labor intensive, required
installing and dismantling the test grids, and laying and rout-
ing cables to different locations in the course of a test. The
data may not be as reliable as data from a stationary array
of sensors. Collecting data simultaneously ensures that
the ambient temperature, wind, and traffic conditions are
the same for all the sensor channels during the acquisition of
the data. Therefore, the writers instrumented one-half of the
Fig. 3. Modal parameter identithroughtruss spans with a stationary array of 45 sensors. Ac-
1056 / JOURNAL OF STRUCTURAL ENGINEERING © ASCE / AUGUST 200cess considerations, labor, and safety requirements naturally
impacted the final sensor locations.
3. Data acquisition strategies: The large set of sensors that are
used necessitated especially powerful, data acquisition hard-
ware. The Agilent Technologies VXI system with three 16
channel E1432A boards was used for data acquisition. This
system was capable of simultaneously measuring up to 48
channels.
4. Sensor requirements: 32 PCB Model 393C ICP and 13 PCB
capacitive accelerometers were installed by using industrial
magnets. These sensors were calibrated using a small shaker
before they were used for the test, and were assured to satisfy
the frequency band, sensitivity, amplitude, and resolution re-
quirements for this study. The wind speed and direction, and
the temperature were also measured during the test using
Vaisala wind sensors and thermistors.
5. Cabling requirements: Coaxial cables and four pair shielded
CAT5 cables were used to connect the accelerometers to the
data acquisition system. The expected signal amplitudes and
spectra, and the cable characteristics were evaluated for pos-
sible signal loss due to the cable length; and it was deter-
mined that this was not an issue for the frequency band of
interest. Industrial connectors were used to minimize errors
that are common due to imperfect connections.
6. Execution of the field tests: Real time monitoring and quality
control of the data were done both in time and frequency
domains. Since the frequency band of interest was deter-
mined to be 4 Hz from the preliminary analysis, the data
sampling rate was defined as 40 Hz and data sets were col-
n using ambient vibration dataficatiolected for 307 s increments before saving and backup.
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Analysis of Ambient Vibration Test Data
The inputs that excite the structure during ambient vibration
testing are assumed to have Gaussian white noise characteristics.
Therefore, the random decrement RD technique is applicable for
transforming the measured random time series into free decay
responses Fujino 2000a. Free decay responses contain informa-
tion only on the structure and not on the random inputs. The
random response of a structure at the time t0+ tsuperposition of:
1 response due to the initial displacements at t0; 2 response
from initial velocity at time t0; and 3 random part due to the
load applied to the structure between t0 and t0+ t. By taking av-
erages of time segments of equal duration, that start every time
the response exhibits an initial displacement, the random parts
due to random loads eventually average out and become negli-
gible. Furthermore, since the sign of the initial velocity should
vary randomly with time, the resulting initial velocity will also
disappear. In this manner, the only component that should be
theoretically left in the averaged response data would be the free
decay response from the initial displacement. Fig. 3 illustrates the
data processing steps.
Subsampling the data and utilizing windows where mainly the
lower modes are excited due to wind should enhance the RD
process for this problem; however, a thorough sensitivity study is
essential before the optimum processing of the signals obtained
from long-span bridges. Clearly, data acquisition or ambient
monitoring for long durations, while also recording the environ-
mental conditions and traffic, and covering a variety of input
conditions, is important. This is the key to success to modal iden-
tification of long-span bridges from ambient vibration data—
discussed further in the following.
After completing the first stage preprocessing stage, a
pseudomultiple input-multiple output data set is obtained Gul
and Catbas, unpublished, 2006. The time records appear as
impulse response functions, as shown in Fig. 3b. As shown in
Fig. 3, the frequency spectra of the data are generated by taking
Table 1. Summary of the Parameters for the Three Analytical Models o
Parameter
Nominal
model
Material properties
Concrete, elasticity modulus
Deck GPa 24.82
Pier GPa 24.82
Steel, elasticity modulus GPa 200.00
Structural properties
Pier stiffness Fully flexible
Movement system
At piers W1, E1 Fix bearing
At piers W2, E2 Exp bearing
At suspended span PP27, PP45
Hangers Moment release
Low and up chord mem Axial and moment rele
Wind linkage Moment releases
Floor system
Deck Body constraint
Stringer Body constraint
Floorbeam Fixed or expansion sh
Note: PP27: Panel Point 27; GPa: Giga Pascal.fast Fourier transforms FFT of the individual data sets. There
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response functions and extract modal characteristics. At this
stage, the data sets that consist of the FFTs of the individual
datasets are combined using a spatial domain algorithm to de-
termine the dynamic properties. Complex mode indicator-based
spatial domain algorithm is particularly effective in the case
of a large number of experimental degrees of freedom. The
writers documented the use of this algorithm in previous articles
Catbas et al. 1997, 2004, 2006. This algorithm is very suitable
where a large number of sensors are used with good spatial
distribution and the data are transformed to a multiple input-
multiple output format mimicking an impact test, as it was the
case here.
Modal Correlation Studies
It is important to capture a minimum number of modes that cover
the critical bandwidth of interest if the ambient vibration moni-
toring is to lead to a reliable St-ID. Establishing the bandwidth
and modal density within the bandwidth is obtained from a-priori
analytical predictions before the test is conducted and data ana-
lyzed. Although, it is possible to determine the frequency band of
interest visually from a spectral analysis of data obtained at vari-
ous cutoffs, the writers have observed over many cases that it is
very important to determine the frequency band quantitatively;
and the number of modes that are to be determined by a priori
analysis.
The writers investigated the convergence of the “uniform load
surface,” using an index defined as load dependent modal con-
vergence Catbas et al. 1997. Using this method, the modal flex-
ibility based deflection profiles are evaluated. Assume “m” modes
are identified from a modal analysis; m different modal flexibility
matrices can be obtained by adding one higher mode to the
flexibility matrix each time. As a result, m different deflected
shapes are obtained as 1 ,2 . . .m modes are included in the flex-
hroughtruss
Only globally
calibrated
Globally
and locally
calibrated
24.82 24.82
24.82 24.82
200.00 200.00
Fully rigid 0.50–0.75L flexible
Fully restrained Fully restrained
Fully restrained Fully restrained
Fully restrained Fully restrained
Fully restrained Fully restrained
Fully restrained Fully restrained
Body constraint Body constraint
Body constraint Body constraint
Fixed or expansion shoes Body constraintsf the T
ases
oesibility matrix. The sum of the squares of the differences of de-
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flection values at each degree of freedom can be determined
every time a new mode is added to the flexibility matrix. Fig. 4
shows the convergence of the modal flexibility, and it is seen that
modal truncation effects decrease considerably after 15 modes are
added for the analytical study on the bridge as shown in this
figure.
After the global frequencies were identified from the analysis
of the bridge data, the first 15 modes were extracted. It should be
noted that these modes were operational modes excited by wind
and traffic during the execution of the test. Such inputs may not
excite every vibration mode that may be indicated by a FE model.
Therefore, some real modes may not have been extracted as a
result of the nature of the ambient vibration test. Moreover, a
large FE model would indicate many “numerical” or “spurious”
modes that may not exist in real life. The actual ambient vibration
test was conducted under varying environmental and traffic con-
ditions unlike stationary laboratory conditions. Any nonstationary
structural behavior or excitation coupled with ambient vibration
Table 2. Correlation for the Initial Global Calibration
Mode
Experimental
frequency
Hz
Analytical
frequency
Hz
Percent
error Mode type
1 0.252 0.248 1.59 First global lateral
2 0.360 0.359 0.28 First global bending
3 0.581 0.581 0.00 Second lateral
4 0.602 0.61 −1.33 First torsion, bending
5 0.679 0.657 1.35 Lateral bending and torsion
Fig. 6. FEM details for boJOURNAmonitoring poses a major challenge for determining a reliable set
of mode shapes and frequencies from the experimental data. This
makes modal analysis of large constructed systems more of an art
with expert guidance and adaptive processing than a well-defined
experimental procedure.
The experimental measured frequencies were correlated with
the simulated frequencies obtained by an eigenvalue analysis of
the nominal throughtruss model. This correlation was performed
in order to observe the degree of success of the nominal model in
predicting and simulating the dynamic response of the bridge. The
nominal model is based on the nominal values for the material
and geometric properties, as well as idealized representation of
the movements and floor systems. A closer study of the first five
experimentally measured modes and frequencies revealed that the
first, third, and fifth modes are typical lateral vibration modes
with frequencies of 0.252, 0.581, and 0.666 Hz, respectively. The
second mode is a vertical bending mode with a frequency of
0.360 Hz, and the fifth mode is a combination of vertical bending
and torsion modes with a frequency of 0.666 Hz. For these
modes, the nominal model yields much lower simulated frequen-
cies in comparison to the experimental results. More specifically,
for the first and second modes, the measured frequencies are
0.205 and 0.311 Hz, which are approximately 19% and 15%
lower than their experimental counterparts. In particular, the fre-
quency error becomes more pronounced for the third mode and
above, reaching its maximum value of 46% for the third mode. In
general, the average frequency error of the first five modes is
found to be 28%.
and continuity conditionsundaryWithout any additional effort, the preliminary correlation
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indicated the following conclusions. First, a relatively high level
of discrepancy existed between the experimental and analytical
results in terms of simulation of the global structural dynamic
behavior such that the nominal model should be improved and
calibrated to better simulate the measured responses. Second, the
measured frequencies were consistently higher than the analyti-
cally predicted ones, implying that the bridge was stiffer than
represented by the nominal analytical model. The most likely rea-
son appeared as discrepancies in how the rollers at the ends of
the bridge and the various movement systems were simulated as
releases in the model and how they were actually behaving. The
long-term measurements at the rollers and movement systems in-
dicated movements, however, these movements were either very
slow due to changing temperatures, or in some occasions very
abrupt as in the case of sudden large temperature drops. The
dynamic measurements were, therefore, implying that the fre-
quencies were in closer agreement for the frozen state of the
rollers and movement mechanisms.
Parameter Sensitivity Studies
Parameter sensitivity studies were carried out to examine the im-
pact of varying selected parameters on the simulated dynamic
properties of the bridge, and, thus, to determine the most critical
parameters for the global calibration of the throughtruss model
shown in Fig. 2. Parameter sensitivity based model updating can
be conducted using an automated procedure Brownjohn and Xia
2000, or manually by analyzing the sensitivity of the parameters
and understanding their impact on the structural response not only
mathematically, but, also in physical terms Aktan et al. 1998. In
Fig. 7. Load test by crawling cranes and the sensothis paper, the writers explored the parameters associated with
1060 / JOURNAL OF STRUCTURAL ENGINEERING © ASCE / AUGUST 200higher uncertainty and that also impacted the structural behavior.
The writers’ past experience indicated that the most sensitive pa-
rameters can be material properties, boundary, and continuity
conditions Aktan et al. 1998. For the bridge under study, the
actual critical physical parameters were determined to be:
• Cross-sectional properties of rigid links that connected the
shell FEs to the beam elements for simulating the local 3D
geometry of the RC deck system;
• Elastic modulus of the deck concrete;
• Elastic modulus of the pier concrete;
• Variations in boundary conditions; and
• Force releases and kinematics of the movement systems.
In conducting the sensitivity studies, these parameters were
varied and the changes in the modal order and frequencies were
investigated for the first 15 modes as shown in Fig. 5.
The analyses showed explicitly that the modal properties fre-
quency, order, and existence of the modes were very sensitive to
the elastic modulus of the pier concrete, and, therefore, to any
variation in the stiffness of the piers. For instance, the variation in
the elastic modulus causes the order of some modes to switch.
The variation of modal properties with respect to boundary con-
ditions and movement systems shown in Fig. 5 indicates that the
rotational degrees of freedom have only a slight impact on the
modal properties; however, as far as the translational degrees of
freedom are concerned, the variations in the modal properties are
very obvious. Similar to the effect of pier stiffness, they also
result in remarkable changes in modal shapes, frequencies, and
modal order. The parameter sensitivity study is summarized in
ter locations for load test and ambient monitoringr clusTable 1.
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Initial Global Calibration
A review of different models utilized during calibration is given
in Fig. 6. The first model “1.0LPRI+NMS,” in essence, is the
nominal model, itself, with fully flexible piers Fig. 6a, and
idealized movement systems i.e., NMS meaning nominal mo-
ment and shear releases as shown in Figs. 6b and c. The second
model “1.0LPRI+RMS” is the stiffest nominal model RMS is
restrained moment and shear releases that can be created without
any change in the pier stiffness. However, even for the second
model, the analytically generated frequencies are observed to be
lower than their experimental counterparts, implying that the
structure in reality is stiffer. This observation indicated additional
mechanisms of rigidity contributing to the pier stiffness. As a
result, the models “0.5LPRI” and “0.0LPRI” were created to in-
crease the pier stiffness. Among all the models tested, the best
correlation between the measured and simulated frequencies was
obtained with the model “0.0LPRI+RMS.” In other words, the
model where the piers are assumed entirely rigid and the move-
ment systems of the bridge are fully restrained yielded the closest
agreement with the experiment when the frequencies of the first
two modes are considered. A more comprehensive correlation be-
tween this model and the experiment is given in Table 2. As seen
in this table, the model exhibits an excellent correlation in terms
of all the properties of the first five modes, including the frequen-
cies, shapes, and order. It should be noted that as global and local
Fig. 8. Sample dcalibration progresses, correlation of all of the 15 modes are
JOURNAprepared and evaluated. This model is referred to as the “only
globally calibrated” model of the throughtruss structure here,
since the model was calibrated without a verification of its valid-
ity and acceptability in simulating the local structural responses
measured with the controlled load tests.
Controlled Load Test and Correlation
of Local Responses
To permit local calibration of the FE models, the writers per-
formed controlled load tests on the throughtruss spans using two
49 ton cranes, while recording strains at 38 critical locations. The
first test scenario consisted of a crawl speed test using a single
crane. The crane was driven across the bridge at a crawl speed
8–16 km/h, while the structural responses at the instrumented
locations were continuously captured Fig. 7. The second sce-
nario was a static load test during which single and double cranes
were positioned at various predetermined locations along the
bridge in 18 configurations on the main truss.
Fig. 8 presents sample data from the crawl speed and static
load tests. Sensor clusters, as shown in Fig. 7, are mostly in the
vicinity of panel points 27 and 36 hanger and midspan, and the
sensors located at positive and negative moment regions of these
sections were used to measure the incremental local strains and
estimate the incremental stresses developing at these regions
om the load testata frduring the controlled load tests. These sensor clusters served to
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provide representative information for stress levels and continuity
between the floor system and the throughtruss. The throughtruss
sensor clusters on hanger, lower chord, upper chord at tower
and hanger and midspan regions are also evaluated. The local
calibration was performed by comparing and correlating these
experimental results with the corresponding analytical responses
obtained from the FE model.
The results of local correlation of the throughtruss model are
summarized in Table 3. A comparative study of “experimental”
and nominal columns clearly shows that the nominal model per-
forms poorly in simulating the local stresses obtained during the
experiment. For example, the steel stringer data from the experi-
ment for the sec. H1 indicates that the bottom flange stresses two
sensors L1 and L4 i.e., sensors on either side of the bottom
flange are 44.47 and 41.44 MPa, whereas the bottom flange
stress from the nominal model is found as 68.12 MPa for the
same section and load configuration. This indicates that the
stresses produced by the nominal model overestimate the actual
measured stresses for almost all sections.
A comparison of nominal and only globally calibrated reveals
that except for the sec. M1, the only globally calibrated model
does not yield any better results than the nominal model in simu-
lating the local responses, whereas it has been shown in initial
global calibration that this model produced an excellent correla-
tion in simulating the modal properties in global sense. From a
mathematical point of view, the order of error found by averaging
the stress measurements of 21 sensors at 7 instrumented sections
between the experiment and analysis is around 55% in the case
of nominal model, and it is reduced to only a slightly lower value
of 48% for the only globally calibrated model. The margin of
Table 3. Local Calibration of the Throughtruss
Sensor
location
Sensor
identification
Load
case
Expe
M
Around the hanger PP27
H1 L1 H9 4
L4 4
L2 −
L3
H2 L1 H8 4
L2 −
H6 L1 H7 3
L2
H5 U27L27 L1 H9
L2
L3
L4
Around the midspan PP36
M3 L1 M7 4
L2 3
L3
L4
M4 L1 M7 3
L2
M1 STW M7
SOW
Note: PP27: Panel Point 27; GPa: giga pascal; see Figs. 2, 7, and 8 for serror in the correlation of analytical and experimental results was
1062 / JOURNAL OF STRUCTURAL ENGINEERING © ASCE / AUGUST 200significant enough to warrant a further calibration of the only
globally calibrated model to better simulate the stresses measured
during the truck load test.
Final Global and Local Calibration and Modal Updating
The globally calibrated model was further revised and examined
first in terms of its success in simulating the modal properties. An
eigenvalue analysis of the model was performed with different
flexible lengths of the piers a=1.0, 0.75, and 0.5, see Fig. 9
for “a”, while the movement systems were assumed as fully
restrained RMS, as in the case of only globally calibrated model.
The results of this study indicate that the model exhibits good
correlation if the flexible portion of the piers are taken as between
50–75% a=0.5–0.75 of their total length, as shown in Fig. 9.
By assuming that the flexible length was equal to 62.5%
a=0.625 of the total length, the first fifteen modes between this
model and the experiment show a very good correlation as shown
in Fig. 10.
A series of analyses with alternate models, created by modify-
ing the critical structural systems of the only globally calibrated
model indicated that when a fully composite floor system FCFS
was simulated, this yielded highly favorable solutions in approxi-
mating the local stresses. In order to achieve this calibration, the
floor system was modeled in a way to account for the relative
movements due to the expansion of fixed shoes between the floor
beams and stringers, a FCFS assumes a perfectly rigid body be-
havior between the deck, stringer, and floor beam. As shown in
Fig. 9, this was achieved by either eliminating the releases within
the rigid links, or simply introducing rigid-body constraints be-
al Nominal
MPa
Only globally
calibrated
MPa
Global local
calibrated
MPa
68.12 68.01 46.54
3.31 3.59 1.45
59.92 59.43 45.71
3.10 3.03 1.59
55.99 56.19 43.85
3.24 2.96 1.31
11.51 11.79 11.72
11.51 10.62 10.69
6.83 5.72 5.72
6.83 6.89 6.76
57.36 57.30 46.82
2.96 2.96 2.83
44.20 44.13 37.23
0.00 0.00 0.48
6.76 5.17 3.10
6.76 5.17 2.90
locations.riment
Pa
4.47
1.44
0.90
2.96
0.20
4.00
9.78
1.03
8.62
8.41
5.38
5.79
0.20
8.68
1.79
2.28
0.96
0.34
4.27
4.00
ensortween the corresponding nodes of deck, stringer, and floor beam.
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The analytically simulated stresses obtained with the analytical
model where perfect composite action is simulated between the
deck and stringer beams by body constraints Fig. 9 are listed in
the last column of Table 3. The simulated stresses correlated bet-
ter with the measured ones such that the order of error obtained
by averaging the difference between the measurements of 21 sen-
sors at 7 instrumented sections and their simulated counterparts is
reduced to 24% with this model, from a value of 48% in the only
globally calibrated model. This level of correlation for the local
calibration was the best that could be achieved given the manual
approach to correlation as opposed to a rigorous, automated
optimization.
Given the high level of uncertainty governing the local struc-
tural responses, it was deduced that the model was adequately
calibrated to the point that it may be considered to properly simu-
late the measured responses in both the global and local levels,
and so it was “labeled” as the final calibrated model of the
throughtruss. A summary of comparison of the three analytical
models nominal, only globally calibrated, and both globally and
locally calibrated of the throughtruss is given in Table 1, in terms
of modified parameters and structural properties in the models, as
well as numerical results of the global and local calibration. Ba-
Fig. 9. Globally and locally finasically, the boundary conditions pier stiffness, pier movement
JOURNAsystems, movement systems at the suspended span, floor system
connectivity between the floor beams and stringers, and finally
connectivity between the stringers and the deck are adjusted for
global and local calibration Table 1. A further discussion of the
final correlations between frequencies and mode shapes is dis-
cussed in the following.
Discussion of the FE Model Calibration Results
When the modes in Fig. 10 are analyzed, it is seen that the aver-
age percentage error between the model and the measured fre-
quencies is around 2.3%, showing a very good correlation except
in the case of mode 11, where the discrepancy is higher than 10%.
However, despite the fact that this model mathematically yields
the best correlation, it is not possible to justify that the actual
piers have rigid and flexible components as was modeled. In gen-
eral, there will be a variety of mechanisms leading to different
levels of uncertainty governing both the experiment and the
analysis. Therefore, the ratio a=0.625 should be considered only
as a value which compensates the uncertainties given the operat-
ing conditions, the execution of the experiment and data process-
ing, and the many assumptions and idealizations made in the
brated model of the throughtrussl calianalysis of this particular FE model. The writers have shown that
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the nonstationarity or time-variant nature of the bridge in terms of
both the inputs and the responses are significant Catbas and
Aktan 2002, depending on the stationarity of sustained high wind
speed and direction, and of the average ambient temperature.
After a sufficiently close correlation was obtained between the
measured and simulated global dynamic properties, the strains at
the critical elements obtained from the controlled load test were
used for local calibration of the floor system elements and the
stiffness at their connections. When a fully composite behavior of
the deck and the stringers, and full continuity between the string-
ers and the deck were simulated, the root mean square of the error
between measured and simulated strains at 20 measurement loca-
tions were reduced from 55 to 24%. After globally and locally
calibrating the model, the average error between the model and
experimental frequencies is determined to be 2.3% for the first 15
modes. Hence, this model is considered to provide acceptable
simulations of the bridge in relation to the measurements taken
from the bridge. The confidence in simulated global characteris-
Fig. 10. Modal vectors from the fitics such as frequency, mass, stiffness, flexibility, deflections, etc.
1064 / JOURNAL OF STRUCTURAL ENGINEERING © ASCE / AUGUST 200is judged to be around 75–90%, while the confidence in the simu-
lated local characteristics such as the stresses and distortions is
judged to be around 50–75%. Naturally, these confidences would
remain valid only as long as the structural conditions, ambient
conditions, and the operating inputs correspond to those during
the duration of the experiments. It should also be noted that while
the reported discrepancy and/or correlation percentages are spe-
cific to the long-span bridge presented in this paper, it is reason-
able to expect at least a similar level of global and local behavior
discrepancies between nominal FE models and experimental data
for many other long-span bridges.
Conclusions
The writers have demonstrated that a mixed microscopic-
structural element level 3D FE modeling of a long-span bridge
ibrated model and the ambient testnal calstructure and its St-ID by integrating various experimental tech-
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niques is feasible. It is also possible to estimate the deformations,
forces, and stresses caused by live loads at the critical regions of
the cantilever throughtruss structure of the long-span bridge with
a level of confidence up to 50–90% for different responses simu-
lated with the calibrated model. The writers used the model for
designing health monitoring for this bridge, and for interpreting
long-term implications of measured inputs and responses. In ad-
dition, the model served for interpretation of the measured re-
sponses in the course of retrofitting of the hangers of the bridge.
The reliability in the global attributes such as boundary and
continuity conditions that may be identified and simulated by
means of field-calibrated models based on only dynamic test re-
sults globally calibrated models may appear to be high as much
as 90%. However, the reliability that should be expected for local
stress fields would be an entirely different matter and a calibration
based on just dynamic testing would be unable to reveal the con-
fidence in simulated local responses. This is especially true for
long-span bridges, because the resolutions of the dynamic test
grids are often quite sparse due to the large size of the structures.
It may be possible to improve the resolution by means of multiple
overlapping test grids by roving sensors. However, issues such as
nonstationarity of both the loading environment as well as the
behaviors of a bridge complicate the modal identification effort.
The reliability of data obtained by means of roving sensors,
should be carefully investigated together with the ambient condi-
tions and inputs that should be captured along with the vibration
data. Controlled load tests conducted within a shorter window are
very useful and may in fact be essential for checking the validity
of an identified analytical model. The writers show that the reli-
ability of only a globally calibrated model may not be satisfactory
and local calibration adjusting local behavior mechanisms and
associated parameters may mitigate large discrepancies between
the strain measurements and the model responses.
An important implication from the FE model calibration stud-
ies relates to the apparent fixity at the movement mechanisms
including the sliding bearings supporting the ends of the cantile-
ver trusses at the outer piers. The inherent assumption in ambient
monitoring data analysis is that the structure remains stationary,
observable, and reasonably linear during the course of the moni-
toring. The data collected during a large number of intermittent
time windows collected over several weeks included periods
of different levels of traffic-induced vibration, various wind envi-
ronments, and temperature ranges. Averaging such data represents
an effective composite of various inputs and the corresponding
structural states and behaviors throughout the course of the moni-
toring, therefore, in effect, smearing all nonlinearity and nonsta-
tionarity to effectively linearize the structure. Hence, although
many of the movement mechanisms are measured to intermit-
tently experience slippage, the effective stiffness of the bridge
averaged over a period of several weeks corresponded to the fro-
zen conditions of the movement systems. The findings also indi-
cate the need for long-term monitoring to track not only seasonal
but also those changes in structural state that may take place
within just a few hours.
How to systematically deal with uncertainty, especially un-
certainty due to epistemic mechanisms when making high-
consequence management decisions on large constructed systems,
and how to model and analyze such large systems so that the
simulations may serve as a basis for accomplishing prudent and
optimum use of resources can only be researched by studying
actual large systems in real-life. Such research is invaluable in
revealing to us the limits in simulating reality when it comes to
large constructed systems, and the results should serve to caution
JOURNAagainst too much reliance on FE modeling and simulations even if
test data is available. The density, modality, and bandwidth of test
data should be carefully evaluated and matched to the size and
complexity of a constructed system before claiming that a FE
model is validated. This study illustrated that more than three
dozen acceleration measurement points, two dozen strain mea-
surements, and a continuous surveillance of wind and temperature
were barely sufficient for a credible St-ID of the bridge. Lesser
investments into field measurement may not be sufficient if a
confidence of 50% or more is desired in simulations for global
and local responses of large and complex structures.
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